The conversion of fructose-1,6-bisphosphate to glycerate-3-phosphate (PGA) was studied in a reconstituted spinach (Spinacia okeracea L.) chloroplast preparation to determine whether a chloroplast-localized NAB(P)H-oxidizing system (Kow, Smyth, Gibbs 1982 Plant Physiol 69: 72-76 with substrates of ascorbate, NAD(P)H, and H202 could serve as a coupling enzyme in the recycling of NAD(P)H. The pellet consisted of roughly 90% intact chloroplasts, as determined by O2 evolution with ferricyanide (6). The chloroplast pellet was disrupted osmotically in 5 ml of a medium containing 50 mm Hepes-NaOH (pH 7.0) and 15 mm MgCl2. The broken chloroplast preparation was then centrifuged at 12,000g for 10 min. The resulting pellet was then resuspended in 5 ml of the same disruption medium.
reductase coupled to 02 and by the NAD(P)H-oxidizing system.
It was concluded that the oxidation of NAD(P)H by a system using ascorbate and H202 can serve as a means of recycling NAD(P)H but that another reaction involving ascorbate and NAD(P)H may also function in the spinach chloroplast. medium (4°C) containing 50 mM Hepes-NaOH (pH 6.8), 5 mm disodium EDTA, 1 mM MgCl2, 1 mnm MnCl2, 1 mm Na4P207, and 0.33 M sorbitol. Homogenization (including acceleration) was carried out for 4 s at 50% full line voltage. The homogenate was filtered through two layers of Miracloth, and the filtrate was centrifuged at 755g for 50 s. The pellet was resuspended in 30 ml of a medium containing 50 mm Hepes-NaOH (pH 7.0) and 0.33 M sorbitol and then carefully layered on top of a cushion (10-15 ml) containing 40% (v/v) Percoll, 0.33 M sorbitol, and 50 mr Hepes-NaOH (pH 7.0). It was then centrifuged at 1,000g for 2 min in a Sorvall HB-4 swinging bucket rotor.
The pellet consisted of roughly 90% intact chloroplasts, as determined by O2 evolution with ferricyanide (6). The chloroplast pellet was disrupted osmotically in 5 ml of a medium containing 50 mm Hepes-NaOH (pH 7.0) and 15 mm MgCl2. The broken chloroplast preparation was then centrifuged at 12,000g for 10 min. The resulting pellet was then resuspended in 5 ml of the same disruption medium.
Chl was measured according to Arnon (1), and PGA was estimated according to Czok and Eckert (2) .
Reagents and Enzymes. Glucose oxidase, catalase, and substrates were purchased from Sigma.
A previous report (9) from this laboratory focused on several potential means available to the chloroplast for oxidizing NAD(P)H produced in the dark: (a) glutathione reductase; (b) NAD(P)H-linked malate dehydrogenase coupled to the dicarboxylic acid translocator; and (c) NADPH-linked ferredoxin reductase coupled to O2 or nitrite reduction. Recently, this laboratory has described, in a number of higher plants as well as in various green and red algae (10), the oxidation of NAD(P)H by a system using as substrates L-ascorbate, H202, and NAD(P)H. A portion of this oxidizing system was found to be localized in the higher plant chloroplast and was subject to photoregulation. Here, we investigate the potential of this system as a means of recycling the reduced pyridine nucleotides in a reconstituted spinach chloroplast system.
MATERIALS AND METHODS
Intact chloroplasts were isolated from field-grown spinach (Spinacia oleracea L.), according to the method of Mill and Joy (11) with some modifications. Spinach leaves (12- 
RESULTS AND DISCUSSION
The recycling of the reduced pyridine nucleotides by the NAD(P)H-oxidizing system was monitored using the chloroplast pellet suspension fortified with substrate levels offructose-1,6-bisP and catalytic amounts of NAD or NADP and ferredoxin. The chloroplast pellet was shown in previous publications (8, 9) to be a particulate preparation free of chloroplast envelope but containing the enzymes of the reductive pentose-P cycle, including fructose-1,6-bisP aldolase and triose-P dehydrogenase. We have also shown previously (10) that the NAD(P)H-oxidizing system is chloroplastic, and, here, we demonstrate that it is an integral part of the particle resulting from rupturing the intact chloroplasts in 15 mM MgCl2. Thus, we utilized this preparation both for the conversion of NAD(P) to NAD(P)H through the oxidation of glyceraldehyde-3-P generated from fructose-1,6-bisP to PGA4 and for the reoxidation of the reduced pyridine nucleotides. To satisfy the substrate requirements of the NAD(P)H-oxidizing system, ascorbate was added to both NAD-or NADP-dependent preparations, but the means of supplying H202 differed with the cofactor. The reoxidation of reduced ferredoxin by O2 generated H202 in the reaction mixture with NADP was the cofactor, but glucoseglucose oxidase was utilized when NAD was the cofactor, since NADH, in contrast to NADPH, is known not to couple effectively with NADPH-ferredoxin reductase. Therefore, the rate of PGA formation reflects the rate of NAD(P)H oxidation. Finally, inasmuch as the activity of glucose-6-P dehydrogenase was negligible 'Abbreviation: PGA, glycerate-3-phosphate. in our chloroplast preparation, the oxidative pentose-P pathway was eliminated as a source of NAD(P)H. Table I shows the rate of PGA formation in the NAD-dependent system. Addition of glucose-glucose oxidase did not increase PGA formation over the control, indicating that NADH is stable in the presence of H202 under these conditions. Addition of ascorbate, alone, roughly doubled the rate over that of the control. The combination of ascorbate and the H202-generating mixture resulted in an approximate tripling of the rate over the control, and inclusion of catalase to this reaction mixture partially eliminated the effect ofglucose-glucose oxidase, confirming the requirement of H202 for NADH oxidation. The enhancing effect of ascorbate, alone and in the presence of catalase, on PGA formation suggests that the NAD(P)H-oxidizing system may function with an oxidant other than H202 or that our chloroplast preparation contains another means of oxidizing NADH which requires ascorbate. It has been reported from this laboratory (9) that the oxidation of NADPH by a particle resulting from rupturing the intact chloroplast in 15 mM MgCl2 could be coupled to 02 through NADP-ferredoxin reductase, since reduced ferredoxin is nonenzymically oxidized by atmospheric 02 with the formation of H202. Inasmuch as this pathway of 02 reduction is of possible physiological significance (12) , it seemed important to compare its contribution (pathway a) with respect to the NAD(P)H oxidizing system (pathway b) in the recycling of NADPH. As seen in Table   I , the control rate of PGA formation is increased 3-fold when NAD is replaced by ferredoxin and NADP, apparently reflecting the functioning of pathway a. The addition of ascorbate resulted in a 25% increase in PGA formation over the control rate (pathway b), while inclusion of catalase lowered the ascorbate-dependent rate to 10%1o over the control rate, indicating a limited requirement for H202. The presence of glucose-glucose oxidase did not affect ascorbate-dependent PGA formation, suggesting a sufficient supply of H202 generated by reduced ferredoxin or perhaps a limiting level ofthe pyridine nucleotide-oxidizing system in our chloroplast preparation. The latter is probably valid, since the specific activity of glyceraldehyde-3-P dehydrogenase is at least 15-to 20-fold in excess of that of the NAD(P)H-oxidizing system (8) .
CHLOROPLASTIC NAD(P)H OXIDATION
Finally, the data presented in the pared to other enzymes, such as ferredoxin-NADP reductase and malate dehydrogenase, in recycling reduced pyridine nucleotides remains unresolved. In contrast to malate dehydrogenase, which requires a shuttle mechanism linking the chloroplast with the mitochondrion (5) , the NAD(P)H-oxidizing system, ascorbate (4), and H202 are available within the organelle.
We present (Fig. 1 ) a tentative scheme to account for the cycling of chloroplastic pyridine nucleotides required for substrate oxidation such as starch (13) . The presence of reduced glutathione and glutathione reductase within the chloroplast (3) provides a reaction for recycling dehydroascorbate, an endproduct of the NAD(P)H-oxidizing reaction. The chloroplast appears to lack dehydroascorbate reductase, but the nonenzymic reaction between dehydroascorbate and reduced glutathione has been described (3). Finally, the scheme seems adequate to explain NAD(P)H oxidation within the darkened chloroplast, since the NAD(P)H-oxidizing system is light-inactivated and functions optimally at pH 7 (10), the pH of the stroma in the dark (7).
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